Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related death worldwide. Immune checkpoint blockade with anti-CTLA-4 and anti-PD-1 antibodies has shown promising results in the treatment of patients with advanced HCC. The anti-PD-1 antibody, nivolumab, is now approved for patients who have had progressive disease on the current standard of care. However, a subset of patients with advanced HCC treated with immune checkpoint inhibitors failed to respond to therapy. Here, we provide evidence of adaptive resistance to immune checkpoint inhibitors through upregulation of indoleamine 2,3-dioxygenase (IDO) in HCC. Anti-CTLA-4 treatment promoted an induction of IDO1 in resistant HCC tumors but not in tumors sensitive to immune checkpoint blockade. Using both subcutaneous and hepatic orthotopic models, we found that the addition of an IDO inhibitor increases the efficacy of treatment in HCC resistant tumors with high IDO induction. Furthermore, in vivo neutralizing studies demonstrated that the IDO induction by immune checkpoint blockade was dependent on IFN-γ. Similar findings were observed with anti-PD-1 therapy. These results provide evidence that IDO may play a role in adaptive resistance to immune checkpoint inhibitors in patients with HCC. Therefore, inhibiting IDO in combination with immune checkpoint inhibitors may add therapeutic benefit in tumors which overexpress IDO and should be considered for clinical evaluation in HCC.
Introduction
Hepatocellular carcinoma (HCC) is the most common primary liver cancer and the second leading cause of cancerrelated death worldwide [1] . HCC is largely considered an inflammation-induced cancer with many patients affected by underlying liver pathology who progress to develop cirrhosis and subsequently HCC. Therefore, immunotherapy may provide an ideal approach [2] . Immune checkpoint inhibitors have been approved for a variety of advanced malignancies [3, 4] . Recently, nivolumab, a monoclonal antibody which blocks PD-1 (anti-PD-1), has been approved for patients with advanced HCC who progressed on sorafenib based on the results of the phase I/II trial, CheckMate-040 [5] .
Although great advances have been made with immune checkpoint inhibitors, the response rates remain low, and a significant proportion of patients with ranging pathologies exhibit primary or adaptive resistance to immune checkpoint blockade [6] . Our group utilized tremelimumab, a monoclonal antibody which blocks CTLA-4 (anti-CTLA-4), in Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s0026 2-018-2190-4) contains supplementary material, which is available to authorized users. combination with ablative therapies for patients with advanced HCC. We observed a partial response rate of 26%, while 63% of patients were deemed to have stable disease [7] . Primary resistance occurs when the tumor does not respond to an immunotherapy likely through lack of recognition by T cells. Adaptive or acquired resistance may occur when a tumor is recognized by the immune system, but protects itself from immune attack [6] . Understanding the underlying resistance mechanisms is needed to develop proper combination strategies to improve efficacy of checkpoint blockade for HCC patients.
Indoleamine 2,3-dioxygenase (IDO) is an enzyme in the kynurenine pathway that is responsible for the degradation of tryptophan and has been implicated in bolstering immuneinhibitory effects [8] [9] [10] . IDO exists in two forms, IDO1 and IDO2, derived from two separate genes [11] . IDO2 has been implicated to have a relatively weaker function compared to IDO1 and does not contribute to systemic tryptophan metabolism but its interplay in the tumor microenvironment (TME) is largely unknown [12, 13] . Many tumor types have been shown to over-express IDO [14] . Furthermore, IDO overexpression has largely been associated with a poor prognosis [10] . Immunohistochemical analysis of 138 tissue samples from HCC patients showed overexpression of IDO in 35% of tumor resection samples, where IDO-high tumors were associated with a worse overall survival than the IDOlow tumors [15, 16] . Previous studies have also shown that tumors modified to produce IDO exhibit more aggressive tumor growth as well as resistance to immunotherapy [14, [17] [18] [19] . However, gaps in knowledge persist on where IDO is expressed and active in the TME [13] .
In this study, we report that immune checkpoint inhibitors can lead to an IFN-γ dependent increase in IDO expression by HCC tumor cells. This increase in tumor-derived IDO1 promoted resistance to single-agent anti-CTLA-4 therapy which was able to be overcome with the IDO inhibitor 1-methyl-d-tryptophan (1-d-MT). In addition, as nivolumab has been approved for advanced HCC, we showed a similar effect when anti-PD-1 was utilized as well as an alternative IDO inhibitor, epacadostat. Our results demonstrated that as a result of immune checkpoint inhibition, tumor cells can upregulate IDO1 providing a means of adaptive immune escape. These results help fill in the knowledge gap of the importance of tumor-derived IDO in the TME as a result of immune checkpoint inhibition. Therefore, inhibiting IDO in combination with immune checkpoint inhibitors should be further considered for clinical evaluation in HCC.
Materials and methods

Cell lines
The murine HCC cell lines, RIL-175 and BNL, were utilized for mouse experiments. RIL-175 cells were cultured in complete RPMI medium supplemented with 10% FBS (Gibco). The RIL-175 cell line possesses luciferase properties as previously utilized by our lab [20] . BNL tumor cells were cultured in DMEM supplemented with 10% FBS. The human HCC cell lines, Hep3B and HepG2, were used for human in vitro experiments. Hep3B and HepG2 tumor cells were cultured in DMEM supplemented with 10% FBS. Cells were tested to be mycoplasma free and cells from early passages were used for all experiments described.
Drugs
Anti-mouse CD152 (anti-CTLA-4) (Clone 9H10, GoInVivo™, BioLegend, CA, USA) was administered i.p. at 5 µg/g mouse body weight on days 8, 11, and 14 in 100 µL PBS [21] . Anti-mouse CD279 (anti-PD-1) antibody (Clone RMP1-14, GoInVivo™, BioLegend, CA, USA) was administered i.p. at 5 µg/g mouse body weight on days 8, 11, and 14 in 100 µL PBS. Anti-IFN-γ antibody (Clone XMG1.2, BioXCell, NH, USA) was administered i.p. at 25 µg/g mouse in 200 µL PBS [22] . Corresponding isotype controls were used: mouse IgG1 Isotype Ctrl Antibody and rat IgG2a Isotype Ctrl Antibody (BioLegend, GoInVivo™). 1-methyld-tryptophan (Sigma-Aldrich, MO, USA) was administered ad lib in drinking water of mice as previously described [14] . Mice drank approximately 2.5-3.5 mL of 1-d-MT supplemented water per day. Epacadostat (Selleckchem) was administered 300 mg/kg [23] .
RNA isolation and real-time PCR
RNA was extracted from cell pellets, frozen tissue, or tumor with RNeasyMiniKit (Qiagen). Complementary DNA was synthesized by iScriptcDNA synthesis kit (BioRad). The reactions were run using iQSYBR green supermix kit (BioRad). The results were normalized to endogenous GAPDH expression levels [24] . The sequence of primers used for quantitative RT-PCR can be found in Supplementary Table 1  and Supplementary Table 2 . Quantitative RT-PCR was performed on the ViiA™ 7 Real-Time PCR System (Life Technologies).
Mouse studies
C57BL/6 and BALB/C mice were purchased from Charles River Laboratories (VA, USA) at 8-10 weeks of age. Subcutaneous tumors were established by injection of 10 6 RIL-175 or BNL tumor cells into the left inguinal pocket of C57BL/6 mice or BALC/C mice, respectively. Four to five mice were randomized into each treatment group after tumor injection, and experiments were repeated for validation. The subcutaneous tumors were measured using calipers every 2-3 days and tumor volume was calculated as: (length × width 2 )/2 mm 3 as previously reported [25] . Blinded measurements were utilized whenever possible. 
Lymphocyte isolation
Single cell suspensions of lymphocytes were prepared from the spleen of sacrificed mice. Red blood cell lysis was performed with ACK Lysis Buffer (Quality Biologicals, MD, USA) [26] . Human blood samples (buffy coats) were obtained from the National Institutes of Health Blood Research Services for peripheral blood mononuclear cell (PBMC) isolation and prepared as previously described [27] . Fresh PBMCs were isolated by Ficoll density gradient centrifugation (Biochrom, Berlin, Germany). Splenocyte or PBMC cell activation was performed with the Cell Activation Cocktail without Brefeldin A (BioLegend) according to the manufacturer's protocol. In brief, splenocytes or PBMCs were cultured in 1 mL medium with 2 µL of the Cell Activation Cocktail for 24 h. Cells and supernatant were then transferred from the six-well plate into an Eppendorf tube which was centrifuged and supernatant collected for co-culture with tumor cells.
Tumor cell isolation
Tumor cells were isolated from subcutaneous tumors via the autoMACS (Miltenyi Biotec) with negative selection utilizing a tumor dissociation kit and tumor cell isolation kit (Miltenyi Biotec) as per manufacturer's protocol.
Statistical analysis
Sample sizes for animal studies were guided by previous studies in our laboratory in which the same mouse strains were used. Significance of the difference between groups was calculated by Student's unpaired t test, one-way or twoway ANOVA (Tukey's and Bonferroni's multiple comparison test). Welch's corrections were used when variances between groups were unequal. P < 0.05 was considered as statistically significant [24] .
Results
Anti-CTLA-4 treatment increases IDO1 in resistant HCC tumors
A recent clinical trial by our group has shown promising results with anti-CTLA-4 therapy in patients with advanced HCC. However, a subset of patients proved to be resistant to the therapy [7] . To understand the resistance mechanism, we performed a pre-clinical study to examine changes in the HCC tumor environment upon anti-CTLA-4 therapy. RIL-175, a murine HCC cell line, was subcutaneously injected into female syngeneic C57BL/6 mice and then treated with anti-CTLA-4 therapy (Fig. 1a) . A marginal decrease of tumor size was found in the anti-CTLA-4 treatment group compared to control (Fig. 1a, b) . The lack of treatment response to anti-CTLA-4 by RIL-175 gave us the condition to study resistance. Indoleamine 2,3-dioxygenase (IDO), an immunomodulatory enzyme, has been found to be overexpressed in HCC tumors and confers a poor prognosis [16] . Anti-CTLA-4 treatment caused a substantial increase of IDO1 in RIL-175 HCC tumor tissue (Fig. 1c) . The increase of IDO1 was found to be gender-independent as it was also found in male C57BL/6 mice (Sup. Figure 1a) . Next, we repeated the experiment using BNL, another murine HCC tumor line. Unlike RIL-175, anti-CTLA-4 effectively reduced subcutaneous BNL tumor growth (Fig. 1d, e) . Interestingly, no IDO induction was found in BNL tumor tissue (Fig. 1f) . In addition, baseline IDO expression was found to be higher in RIL-175 tumor cells than BNL tumor cells (Sup. Figure 1b) . Our results indicate that IDO1 expression increases in anti-CTLA4 resistant but not sensitive HCC tumors.
IDO inhibition enhances the efficacy of anti-CTLA-4 treatment against resistant HCC
The IDO1 induction in anti-CTLA-4 resistant tumors prompted us to test the hypothesis that HCC tumors can develop an adaptive resistance to anti-CTLA-4 therapy by inducing IDO1 expression. RIL-175 tumor-bearing mice were treated with 1-methyl-d-tryptophan (1-d-MT) , an IDO inhibitor, anti-CTLA-4, or the combination. 1-d-MT treatment alone had no effect on tumor growth. Again, anti-CTLA-4 monotherapy showed a small non-significant growth suppression. As expected, a potent reduction of tumor size was found in mice treated with combination therapy. The tumor inhibition was confirmed by the decrease of tumor weight (Fig. 2a, b and Sup. Figure 2a and 2b) .
Subcutaneous HCC models lack the proper environment as HCC tumors arise in liver. To better mimic the HCC patient condition, an orthotopic HCC model was established. We took advantage that the RIL-175 tumors express luciferase which gave us the opportunity to monitor liver tumor growth kinetics in vivo by BLI [20] . Again, no significant tumor suppression was seen with 1-d-MT treatment alone (Sup. Figure 3a) and a mild effect was observed with anti-CTLA-4 monotherapy. In contrast, combination therapy caused the best impairment in tumor growth (Fig. 2c, d and Sup. Figure 3b) . The observation of BLI was confirmed by the tumor weight (Fig. 2e) . Together, the results from both subcutaneous and orthotopic HCC models demonstrate that IDO inhibition can sensitize the resistant HCC tumor to anti-CTLA-4 therapy and enhance treatment efficacy.
Anti-CTLA-4 treatment increases IDO in tumor cells via IFN-γ
Next, IDO expression in the tumor environment was studied. IDO has been shown not only to be inducible in tumor cells, but can also be expressed by tumor infiltrating leukocytes [8] . Therefore, the source of IDO induction was tested. Subcutaneous RIL-175 tumor cells were established and anti-CTLA-4 therapy was administered as in Fig. 1a . Tumor cells were then isolated to approximately 93% purity. The isolated RIL-175 tumor cells displayed a significant induction of IDO1 while the tumor associated leukocytes did not show a significant increase of IDO (Fig. 3a, b) . This data demonstrates IDO1 induction may occur in the tumor cells after anti-CLTA-4 therapy.
Anti-CTLA-4 therapy re-energizes T cells; therefore, we tested the effect of T cells on IDO expression in HCC tumor cells. RIL-175 or BNL tumors cells were cultured with splenocytes isolated from C57BL/6 or BALB/C mice, respectively. Indeed, an induction of IDO1 and IDO2 was found in RIL-175 but not BNL tumor cells (Fig. 4a, b) . Furthermore, cultured RIL-175 tumors cells with a supernatant harvested from CD3/CD28 stimulated splenocytes caused a robust increase of IDO1 and IDO2 (Fig. 4c, d ), indicating some soluble factor secreted from T cells mediates IDO induction. The supernatant also induced IDO expression in BNL tumor cells but at a much less extent. IFN-γ production after immune checkpoint blockade is well documented [28, 29] . Next, RIL-175 tumor cells were cultured with IFN-γ. A 27-fold induction of IDO1 was found in RIL-175 cells, while under the same condition, BNL tumor cells displayed much less IDO induction (~ fivefold) (Fig. 4e, f) .
Next, in vivo IFN-γ blocking assay was performed to prove that anti-CTLA-induced IDO induction is mediated by IFN-γ. As expected, IFN-γ neutralizing antibody inhibited upregulation of IDO1 in RIL-175 tumors (Fig. 4g, h ). This indicates that HCC tumor cells can utilize IFN-γ to induce IDO1 and develop an adaptive resistance against anti-CTLA-4 treatment.
IFN-γ-mediated IDO induction also occurs in human HCC tumor cells
IFN-γ induction is a general phenomenon upon immune checkpoint blockade treatment [28, 29] . Therefore, we tested whether the IFN-γ-mediated IDO induction also applies to the human setting. Human HCC cell lines, Hep3B and HepG2, were treated with IFN-γ. Similarly, IDO1 and IDO2 upregulation was observed (Fig. 5a, b) . In addition, both cell lines displayed induction of IDO1 when cultured with cytokine rich supernatant harvested from stimulated health donor human PBMCs. These results suggest that human HCC tumor cells may also use the same strategy to acquire adaptive resistance against immune checkpoint blockade.
Anti-PD-1 treatment decreases tumor growth and induces IDO from tumors
Nivolumab, a monoclonal antibody which blocks PD-1, has recently been approved for patients with advanced HCC who progressed on sorafenib [5] . After administration of anti-PD-1 antibody, we observed similar results as with anti-CTLA-4, where anti-PD-1 therapy does indeed upregulate IDO1 and IDO2 in RIL-175 tumor cells (Fig. 6a, b) . Furthermore, we observed a significant reduction in tumor volume with anti-PD-1 monotherapy and the best impairment in tumor growth with combination therapy in the RIL-175 model (Fig. 6c, d) . In addition, we tested a different IDO (Fig. 6e, f) . These data indicate that checkpoint inhibition with anti-CTLA-4 or anti-PD-1 may induce IDO and the addition of an IDO inhibitor could be beneficial.
Discussion
Our current study has indicated that treatment of HCC tumors with immune checkpoint inhibitors may lead to IFN-γ induced IDO1 production from tumor cells which can provide a means of adaptive resistance to therapy. The RIL-175 tumor model, which overexpressed IDO1 both in vitro and in vivo when stimulated, did not have a significant reduction in tumor growth with anti-CTLA-4 alone. There was, however, a significant reduction in tumor growth with the addition of an IDO inhibitor. However, the BNL tumor model that did not upregulate IDO displayed a significant reduction in tumor growth with single-agent anti-CTLA-4 checkpoint blockade. We observed similar effects when the tumors were treated with anti-PD-1. In addition, a significant reduction in tumor growth was seen with anti-PD-1 monotherapy in the RIL-175 tumor model. This finding is not surprising as clinical trials have shown a greater response to anti-PD-1 therapy than anti-CTLA-4, allowing for the approval of nivolumab in patients with HCC who have progressed on sorafenib [5, 30] . Although other groups have also found IDO expression to render experimental mouse models resistant to checkpoint inhibition, our study provides evidence that immune checkpoint inhibitors have the capacity to induce IDO through IFN-γ, thereby providing a means of adaptive resistance to immune checkpoint blockade [18, 19, 31, 32] . In addition, our study highlights the importance of tumor-derived IDO1. Furthermore, we found IDO2 to be upregulated in vitro but not in vivo indicating the likely smaller impact of tumor-derived IDO2 in creating an immunosuppressive TME. Mice with orthotopic tumors were sacrificed and tumors dissected away from normal liver and tumor weight recorded (e). *P < 0.05, ***P < 0.001
Tumors may not respond to immunotherapy via multiple mechanisms. For example, Restifo et al. found that tumor cells which lost beta 2 -microglobulin (ß 2 -m) can no longer be recognized by CD8 + T cells [33] . Gao et al. observed that patients with metastatic melanoma who were identified as non-responders to ipilimumab, an anti-CTLA-4 antibody, to have tumors with genomic defects in IFN-γ pathway genes [34] . Furthermore, Kulkarni et al. found upregulation of alternative immune checkpoints, notably TIM-3, in lung adenocarcinoma, suggesting the upregulation of alternative immune checkpoints may be associated with adaptive resistance to anti-PD-1 therapy and therefore may be a potential therapeutic target [35] . The difference in response to therapy between tumor types of different pathologies as well as within tumor types indicates both an intrinsic primary resistance and an acquired resistance to immunotherapy [36] .
Treatment with immune checkpoint inhibitors have been shown to increase the production of IFN-γ [28, 29] . In this study, we demonstrated that by blocking IFN-γ in mice given anti-CTLA-4 therapy, we could suppress the induction of IDO1 in the TME. This finding supports a link between anti-CTLA-4 or anti-PD-1 blocking antibodies, IDO upregulation in the TME, and tumor resistance. The effector mechanism of the immune checkpoint blockade may in fact be mediated by IFN-γ [19] . However, as we have shown, IFN-γ may also contribute to immune escape by increasing IDO. It has been demonstrated that CD8 + T cells and IFN-γ can increase PD-L1 as well as IDO in the melanoma TME [32, 37] . This phenomenon could explain the added benefit of combination therapy of anti-CTLA-4 and anti-PD-1 in patients with advanced melanoma [38] . Blocking IFN-γ directly would not be a suitable strategy as it appears to be required for the initial function of the immune checkpoint inhibitor. Therefore, blockade of the downstream alternative checkpoints which are produced, such as IDO, appears to be necessary.
IDO is a complex molecule with production from multiple different cell types. Several groups have studied the effects of IDO deficiency with IDO deficient (Ido −/− ) mice. Unlike CTLA-4 −/− mice whose phenotype produces rampant inflammation and death, Ido −/− mice do not produce a severe pathologic phenotype [9, 39] . Holmgaard et al. used IDO deficient mice and found greater tumor reduction when anti-CTLA-4 was added, indicating the host-derived IDO was responsible for the suppressive activity of IDO in their B16 melanoma model [19] . In addition, they found that IDO deficient mice did not display delayed tumor growth without the addition of anti-CTLA-4. This corresponds to our findings, as well as others, that IDO inhibition with 1-d-MT alone does not significantly delay tumor growth [19, 32] .
Conversely, Uyttenhove et al. studied the effect of IDO expression in tumor cells utilizing P815B cells transfected with Ido cDNA, using three clones with variable expression of IDO. Not only did they find that IDO-expressing tumor cells grow faster than non-IDO-expressing tumor cells but also immunized mice were able to reject non-IDO-expressing tumors. On the contrary, immunized mice were not able to reject IDO-expressing tumors, but this effect was able to be partially reversed with 1-MT [14] . Similarly, studies performed by Holmgaard et al. generated a B16 melanoma cell line to overexpress IDO where they found IDO overexpressing cells were able to recruit MDSCs and reduce tumor response to immunotherapy [17, 18] . Furthermore, Shibata et al. studied the role of IDO in HCC tumor carcinogenesis. They found HCC overexpressed IDO compared to surrounding normal liver tissue and HCC formation was greater in IDO wild-type than Ido −/− mice when challenged with diethylnitrosamine (DEN) [40] . Together, these results along with our own indicate IDO production in the tumor microenvironment is complex with host derived as well as tumor-derived IDO contributing to immune escape and potentially altering response to therapy. We showed in a HCC model that tumor cells which produce IDO when treated with a checkpoint inhibitor may provide a means of adaptive resistance. Recent results found no difference in the progression-free survival of patients with advanced melanoma treated with the combination of the IDO inhibitor epacadostat and pembrolizumab versus pembrolizumab alone (ECHO-301/KEYNOTE-252) [41] . However, in patients with advanced melanoma, the 6-month progression-free survival rate to single-agent pembrolizumab was shown to be approximately 47% in the KEYNOTE-006 trial [42] . Therefore, as nearly 50% of patients with single-agent pembrolizumab demonstrated a 6-month progression-free survival, there may not have been much room for improvement over single-agent therapy. As response rates to immune checkpoint inhibitors tend to be lower for HCC compared to melanoma, the addition of an IDO inhibitor may prove to be beneficial [3] . Although patients with HCC generally have underlying liver disease and dysfunction, checkpoint inhibition appears safe and combination therapy should be considered for these patients [43] . In addition, a phase 3 study of nivolumab versus sorafenib as first line therapy is currently underway [44] . Based on our results, an IDO inhibitor may add additional benefit for patients with advanced HCC in combination with an immune checkpoint inhibitor.
